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Keywords: gas-insulated substation, circuit breaker, disconnector, spacer, induced voltage, polarity reversing This paper has investigated the basic characteristics of switching surges in a gas-insulated substation and induced surges to a control cable based on EMTP simulations. Table 1 summarizes simulation conditions and results in a 500 kV GIS. It is observed in the table that the spacer results in a higher overvoltage with a lower oscillating frequency. In the case of spacers, the overvoltage tends to increase at the nodes nearby the operating disconnector (DS) and circuit breaker (CB), and to decrease at the source side.
An induced surge to a control cable tends to increase as the parallel length of the GIB and the control cable increases. The polarity reversing occurs when the following condition is satisfied.
This needs a further investigation in a lighting surge simulation in a substation, for a ramp wave is widely used. 
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This paper has investigated the basic characteristics of switching surges in a gas-insulated substation and induced surges to a control cable based on EMTP simulations. It has been found that a switching surge voltage on the core conductor of a gas-insulated bus (GIB) tends to increase and the oscillating frequency becomes lower as the number of spacers increases. The maximum switching overvoltages become greater at the nodes nearby an operating disconnector (DS)/circuit breaker (CB) and become smaller at the source side. An induced surge to a control cable tends to increase as the parallel length of the GIB and the control cable increases. However, in the case of an open-circuited GIB, there exists a length which gives the highest voltage. A transient current becomes very large if a voltage transformer (VT) or a spacer is installed right next to an operating CB or DS, although this current does not affect the induced and VT transferred surge to the control cable. Also it is observed that a ramp wave voltage causes polarity reversing of a transient voltage on the GIB tank and the control cable.
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Introduction
It is well-known that circuit breaker (CB) and disconnecter (DS) operation produces very high frequency switching surges in a gas-insulated substation (GIS), because of a number of short gas-insulated buses (GIB). It has been reported that the oscillating frequency of the switching surges reach some 10 [MHz] (1) . Although the overvoltage of the switching surges is far smaller than that of a lighting surge, the very high frequency results in malfunctions and temporary freez of digital elements of low-voltage control circuits in power stations and substations (1) (2) . This paper investigates basic characteristics of switching surges induced to a control cable from a GIB in a GIS, such as the effects of the bus and cable lengths and the separation between them, based on EMTP simulations. The induced voltage waveform on the control cable is dependent on the length of a zone of influence of the bus relative to the control cable. Also, short gas-insulated buses are separated by spacers of which the permittivity is not unity. However, the effect of the spacers has not been well investigated. Those effects are also studied in the paper. Figure 1 illustrates a model circuit to investigate a switching surge on a simple gas-insulated bus (GIB). As in Fig. 1 Table 1 gives the physical parameters of the GIB in Fig. 1 (b). 
Switching Surges on a Gas-Insulated Bus with a Spacer

A Model Circuit
Propagation Parameters with a Spacer
The velocity v coax and the characteristic impedance Z ocoax of coaxial mode propagation at a very high frequency is given in the following equation (4) .
where, v o = 300 [m/µs]: light velocity in free space ε 1 = 1.009: relative permittivity of an SF 6 gas r in , r out : inner and outer radii of the insulator
In the case of a spacer with ε s = 6, the propagation velocity v 2 becomes 122 [m/µs], while that for a SF 6 gas is v 1 = 298 [m/µs]. The slow velocity v 2 produces a large traveling time. Also, the characteristic impedance of the spacer part becomes smaller. The above parameters result in a transient voltage different from that neglecting the spacer. In practice, the shape and the structure of a spacer are not simple as in Fig. 1(a) , and there exist bushings. Therefore it should be noted that these deform a surge waveform, and an actual waveform measured in a field might differ from simulated waveforms in this paper.
EMTP Simulation Results
Transient voltage waveforms in a model circuit of maximum voltage with the time of its appearance is summarized in Table 2 . It is observed in Table 2 that the core voltage at the receiving end GA2 increases as the number of the spacers increases. This is readily explained as a result of multiple reflection and refraction of a traveling wave at the spacer which becomes a transition point to the traveling wave. A similar trend is observed on the tank (outer enclosure of the gas-insulated bus), but the effect of the number of the spacers is not clear.
Case of Short-length Bus
There a number of short buses in a GIS. Therefore it is necessary to investigate a transient voltage in the case of a short-length bus. Figure 3 shows transient voltage waveforms in the case of x = 7.5 [m] with two and three spacers, and the maximum voltages are given in Table 3 . A similar trend of the core and pipe voltages to those for x = 150 [m] is observed. It is interesting to note that the pipe voltage at the sending end is rather independent of the bus length x. A difference between no spacer and spacers becomes more noticeable in the short-length bus.
Switching Surges in a GIS
( 1 ) A model GIS Figure 4 illustrates a part of a 500 kV GIS in Japan (5) . The cross-section of each bus is the same as Fig. 1(b) . The system configuration varies depending Fig. 4 . Simulation circuit of 500 kV GIS on CB and DS conditions of ON and OFF. When CB2 is off, a system is composed of the circuits from BUS1 to CB2 with an infinite ac source connected to the left of BUS1. This configuration is called as "system-A". When CB2 is in a closed condition, a system is composed of the circuits from BUS1 to BUS4 which is called as "system-B". In the system-B, disconnector DS1 is operating. When considering a residual charge in the system-B, CB4 is closed first with DS1 being off, and the CB4 is made off so that there exists a residual charge in the circuit composed of DS1S and CB1. The total length from node BUS1 to CB2 is about 25 [m] and that from CB2 to BUS4 is about 12 [m] . A transformer connected to a gas-insulated bus GIB2 is represented by its stray capacitance 7 [nF] to the earth. The resistance of 300 [Ω] at node BUS3 represents an outgoing overhead line. Only a singlephase circuit is considered in an EMTP simulation because mutual coupling between three-phase buses causes no significant effect on a core voltage of a CB or DS operating phase.
The ac source voltage e 0 (t) at BUS1 is given by:
The ac source at BUS4 is in the opposite polarity to the above. A spacer of the width 30 [cm] with the relative permittivity ε s = 6 is installed in the buses in Fig. 4 .
( 2 ) EMTP simulation results Table 4 summarizes simulation conditions and results. Figures 5 and 6 show transient voltage waveforms. It is observed in Table 4 that the spacer results in a higher overvoltage with a lower oscillating frequency. This is very noticeable in the case of CB switching on with a residual voltage at the BUS4 side: In the case of spacers, the overvoltage tends to increase at the nodes nearby the operating DS and CB, and to decrease at the source side. Figure 7 illustrates a model circuit to investigate a basic characteristic of induced surges from a GIB to a control cable. The GIB length ) is installed in node GA2 and CC2.
Basic Characteristics of Switching Surges Induced to a Control Cable
A Model Circuit
EMTP Simulation Results
Simulation results for x p = 10 [m] are given in Table 5 , and case
It is observed in the Table 5 that the induced voltage to the control cable tends to increase as the parallel length x c increases as expected. However in the case of the opencircuited GIB (R G = ∞), there exists a condition that x c gives the highest induced voltage. This is estimated due to a positive reflection of a traveling wave at the open-circuited end and electrostatic coupling between the GIB and the control cable. It should be noted that currents on the GIB core and pipe become quite large when a VT is connected to the cable at the node of an operating CB or DS as in Table 5 for x c = 10 [m]. This is caused by VT stray capacitances. The total capacitance C VT of the VT to ground is about 300 [pF] which is equivalent to a short distributed line of the surge impedance Zc = ∆t/C VT = 0. . In practice, there exist some resistances from the CB or DS to the VT and such a large current is not observed. However, it is suggested not to install a VT nearby a CB and a DS.
Effect of Spacers
As in Fig. 7 , a spacer of the width 30 [cm] with the relative permittivity ε s = 6 is installed Table  6 corresponding to Table 5 (a). Because the spacer is represented by a capacitance to ground and the first one is next to an operating CB or DS (node GA1), the transient current on the GIB core becomes twice greater than that with no spacer. This results in a greater induced voltages to a control cable, while a VT transferred voltage is not significantly different from that with no spacer, because the GIB core voltage is not much different from that with no spacer. frequency is inversely propotional to the bus length and the maximum induced voltage is proportional to the parallel length as well-known (4) . ( 2 . In an open-circuited distributed line, the oscillating period T is given by:
The polarity reversing occurs when the following condition is satisfied.
where n ≥ 2 Substituting Eq. (3) into Eq. (2),
When bus length is 10 [m], n in Eq. (4) becomes 7.5. Thus, it is estimated that the polarity reversing occurs, when n becomes a positive number greaten than 1. The polarity reversing is shown in Table 7 when the bus length is varied for T f = 1 [µs]. It is clear that the polarity reversing occurs, if T f /T = n is greater than 2. The polarity reversing occurs when the bus length satisfies the following condition.
For example, when T f = 1 [µs], the bus length x < 37.25 results in the polarity reversing.
When T f is changed and the bus length is fixed as 10 [m], the EMTP simulation results of the polarity reversing are given in Table 8 . When T f is greater than 0.3 [µs] for x = 10 [m], the polarity reversing occurs as in Table 8 which agrees with the analytical formula of Eq. (5).
The above phenomenon occurs only in the case of a ramp wave, i.e. linear curve waveform due to a sudden change of the derivative of the waveform at t = T f . That is dv/dt > 0 for t < T f and dv/dt < 0 for t > T f . When a double exponential waveform is applied, no such a phenomenon is observed. The effect of the double exponential and ramp waves has been investigated in Ref. (6) , and it was suggested to use a CIGRE wave. In fact, recent publications have adopted the CIGRE wave (7) . This fact requires a further investigation in a lighting surge simulation for insulation coordination of a substation, because 1/70 [µs] ramp wave has been adopted for predicting lighting overvoltages (8) .
Conclusions
Based on the investigations of switching surges in a gasinsulated substation and induced surges to a control cable, the following remarks have been obtained.
( 1 ) A switching surge voltage on the core conductor of a gas-insulated bus tends to increase and the oscillating frequency becomes lower as the number of spacers increases. The maximum switching overvoltages become greater at the nodes nearby an operating DS/CB and become smaller at the source side.
( 2 ) An induced surge to a control cable tends to increase as the parallel length of the GIB and the control cable increases. However, in the case of an open-circuited GIB, there exists length which gives the highest voltage.
( 3 ) A transient current becomes very large if a VT or a spacer is installed right next to an operating CB or DS, although this current dose not affect the induced and VT transferred surge to the control cable. 
